Schizophrenia patients exhibit dysfunctional gamma oscillations in response to simple auditory stimuli or more complex cognitive tasks, a phenomenon explained by reduced NMDA transmission within inhibitory/excitatory cortical networks. Indeed, a simple steady-state auditory click stimulation paradigm at gamma frequency (~40 Hz) has been reproducibly shown to reduce entrainment as measured by electroencephalography (EEG) in patients. However, some investigators have reported increased phase locking factor (PLF) and power in response to 40 Hz auditory stimulus in patients. Interestingly, preclinical literature also reflects this contradiction. We investigated whether a graded deficiency in NMDA transmission can account for such disparate findings by administering subanesthetic ketamine (1-30 mg/kg, i.v.) or vehicle to conscious rats (n = 12) and testing their EEG entrainment to 40 Hz click stimuli at various time points (~7-62 min after treatment). In separate cohorts, we examined in vivo NMDA channel occupancy and tissue exposure to contextualize ketamine effects. We report a robust inverse relationship between PLF and NMDA occupancy 7 min after dosing. Moreover, ketamine could produce inhibition or disinhibition of the 40 Hz response in a temporally dynamic manner. These results provide for the first time empirical data to understand how cortical NMDA transmission deficit may lead to opposite modulation of the auditory steady-state response (ASSR). Importantly, our findings posit that 40 Hz ASSR is a pharmacodynamic biomarker for cortical NMDA function that is also robustly translatable. Besides schizophrenia, such a functional biomarker may be of value to neuropsychiatric disorders like bipolar and autism spectrum where 40 Hz ASSR deficits have been documented.
INTRODUCTION
The sensory cortex exhibits a remarkable ability to faithfully respond to modality-specific stimulus trains (Sannita, 2000) . Such entrainment of auditory cortical neurons can be recorded by noninvasive methods such as electroencephalography (EEG) and is termed auditory steady-state response (ASSR). In humans, the scalp-recorded ASSR is maximal when auditory stimuli are delivered at ∼ 40 Hz (Galambos et al, 1981; Pastor et al, 2002) and appears to reflect resonance frequency of the underlying neural circuits (Llinas, 1988; Llinas et al, 1991; Rosanova et al, 2009) . A key part of the circuitry responsible for entrainment to exogenous stimuli appears to involve parvalbumin-positive (PV+), GABAergic basket interneurons and the pyramidal cells of the upper layers of the sensory cortex (Cardin et al, 2009; Carlen et al, 2012; Sohal et al, 2009) . Moreover, within this circuitry, NMDA receptor activation on PV+ interneurons appears to be critical for normal 40 Hz entrainment (Carlen et al, 2012; Nakao and Nakazawa, 2014) .
Following the original and landmark observation that 40 Hz ASSR is specifically deficient in schizophrenia subjects (Kwon et al, 1999) , numerous reports have broadly confirmed the finding (Brenner et al, 2003; Krishnan et al, 2009; Light et al, 2006; Spencer, 2011; Spencer et al, 2008; Vierling-Claassen et al, 2008) , and extended it to first-degree relatives of schizophrenia subjects (Hong et al, 2004; Rass et al, 2012) , suggesting that such a deficit may be a trait marker. However, it is pertinent to note that 40 Hz ASSR deficit is not specific to schizophrenia and extends to some neuropsychiatric conditions including bipolar disorder (Oda et al, 2012; Rass et al, 2010) and autism spectrum disorders (Rojas et al, 2011; Wilson et al, 2007) .
Although a majority of reports from schizophrenia subjects have found a reduction in phase locking factor (PLF) and evoked power (reviewed in O 'Donnell et al, 2013) , some have found an increase in these measures (Hamm et al, 2012; Hong et al, 2004) . Intriguingly, a positive correlation between auditory hallucinations and signal power or phase locking, particularly in the left hemisphere (Mulert et al, 2011 (Mulert et al, , 2012 Spencer et al, 2009; Ying et al, 2013) , has been observed (Mulert et al, 2011 (Mulert et al, , 2012 Spencer et al, 2009; Ying et al, 2013) in the presence of concurrent increases in spontaneous or induced gamma power (Baldeweg et al, 1998; Hirano et al, 2015; Spencer, 2011) . Thus, there appears to be a positive or negative modulation of the gamma oscillatory signal including the 40 Hz ASSR in schizophrenia.
Acute NMDA antagonism by drugs like phencyclidine and ketamine is known to mimic a brief schizophrenia-like state in healthy individuals (Javitt and Zukin, 1991; Krystal et al, 1994; Luby et al, 1962) . Taking advantage of this important validation, preclinical studies often employ a short-term disruption in NMDA neurotransmission to mimic a psychosis-like state (Adell et al, 2012; Frohlich and Van Horn, 2014; Gunduz-Bruce, 2009 ). Several groups have used this approach to understand the role of NMDA receptors in the 40 Hz ASSR (Sivarao et al, 2013; Sullivan et al, 2015; Vohs et al, 2012) . Unfortunately, these studies reported opposite modulation of the ASSR signal with NMDA antagonists while employing divergent methodology. Sivarao et al (2013) showed that a low dose of the potent NMDA antagonist MK-801 attenuated ASSR at 40 Hz in anesthetized rats, Sullivan et al (2015) reported that a single dose of MK-801 increased phase locking at 40 Hz in awake behaving rats, whereas Vohs et al (2012) reported an increase in phase locking at multiple frequencies after a single dose of ketamine in conscious rats. Thus, anesthetized and awake rats produced opposite effects on 40 Hz ASSR following acute administration of an NMDA antagonist. Interestingly, in the only known clinical study that tested the effect of a relatively large dose of intravenous ketamine on the 40 Hz ASSR, the authors reported a robust increase in evoked power (Plourde et al, 1997) .
In the current study, we tested the hypothesis that intravenous ketamine can increase or decrease the 40 Hz ASSR depending on dose and interval between dosing and measurement. Moreover, to fully contextualize the early effects of ketamine on the 40 Hz ASSR, we conducted in vivo NMDA channel occupancy and exposure studies in separate cohorts of rats.
MATERIALS AND METHODS

Surgery
All experimental procedures were approved by the Bristol Myers Squibb institutional animal care and use committee. Twelve adult male Sprague-Dawley (SD) rats were anesthetized with isoflurane and implanted with epidural screw electrodes at the following coordinates: frontal, 6 mm anterior to bregma and 1 mm lateral to midline; vertex, 5.5 mm caudal to bregma and 1 mm lateral to midline. Access to the electrodes was through a multi-channel pedestal (Plastics One, Roanoke, VA) fixed on the skull at the time of the surgery. After implantation, the rats were housed singly and had unrestricted access to food and water. Rats were thoroughly acclimated to handling and brief restraint procedure described below as well as the recording environment in the presence of auditory stimuli. These rats were previously used for another pharmacological study and were used in the current study after an interval of at least 3 weeks. The approximate age of the rats was 8 months at the time of the study.
Pharmacological Treatments
Rats were individually restrained in a plexiglas restrainer and the tail was secured and swabbed and prepared for i.v. dosing. Percutaneous intravenous bolus injection was given in a 0.5 ml/kg volume and the rat was returned to home cage. The drug doses included 1, 3, 10, and 30 mg/kg of racemic ketamine hydrochloride (Ketaset, Fort Dodge, IA), chosen to obtain a wide range of NMDA channel occupancy (see below) and were split into two panels: in the first panel, vehicle, ketamine 1 and 30 mg/kg were used in a crossover study with at least 4 days in between treatments. Following the completion of the study, after an interval of several weeks, doses 3 and 10 mg/kg were tested along with a vehicle control in the same subjects in a crossover design as above. Drug response was compared with the within-group vehicle response and when comparisons were made across dose panels, it was done after normalization to within-group vehicle response. Thus, any order effects if present were randomized across the three treatment groups. Separate cohorts of adult rats were dosed and killed for characterizing in vivo NMDA channel occupancy as well as for tissue exposure (see below). We did not specifically test for loss of consciousness in these studies. However, rats in the EEG study were video monitored throughout the experiment and it was noted that rats receiving the 30 mpk (mg per kg body weight) dose showed ataxic gait and stereotypic head movements by the first ASSR recording (~7 min), suggesting that loss of consciousness if any was short-lived. Gait abnormalities at this dose lasted till the end of the recording period (64 min). Lower doses of ketamine (3 and 10 mpk, i.v.) showed hyperactivity, circular ambulation along with stereotypic head movements but recovered substantially by the end of the recording period. No behavioral changes were noted at the 1 mpk dose.
EEG Recording
Rats in their home cages were placed individually in soundattenuated recording boxes equipped with a video camera, a house speaker, and a shielded light weight cable attached to a low-torque commutator (Plastics One). Using the plastic head mounts, the cables were attached for continuous EEG recording while permitting the animals free movement within the cage. For pharmacological studies, rats were first treated and then placed inside the recording boxes. Thus, a pretreatment baseline was not recorded as part of this protocol. Immediately after connecting the recording cable, spontaneous EEG was recorded for a few minutes to confirm signal quality followed by recording in the presence of auditory clicks (see below) that continued up to 64 min after treatment. A total of 75 epochs of 3 s EEG were digitized in succession at a sampling frequency of 2 kHz by the acquisition system (CED Power 1401; Cambridge Electronics Design, Cambridge, UK). Signal 4.10 or higher software was used to generate auditory clicks by feeding a 1 V monophasic square wave (1 ms long with a 0.5 ms raise and fall times) into the house speaker through an audio amplifier (Insignia IS-HC040918; Richfield, MN). The intensity of the 40 Hz click train was adjusted to be 70 ± 1.0 dB when measured from the center of the recording chamber. During each 3 s EEG epoch recording, a single auditory click was presented 1 s after epoch onset, whereas at 2 s, a train of 20 clicks was presented in a half a second period (ie, 40 Hz). Single-click data are not discussed in this report. Four sets of EEG, each lasting for a 3.75-min sample period, were collected after intravenous dosing (approximated to 7, 12, 32, and 62 min after i.v. dosing). The experimental protocol is graphically summarized in Figure 1a and b.
Data Analysis
EEG epochs were visually evaluated and epochs with movement-related artifact were removed from further analysis using an automated script (Signal 4.10). Typically, o10% of the trials were rejected in such analysis. Artifactfree EEG epochs were saved as text and imported into MS Windows-based proprietary software for pre-processing and time-frequency analysis (EMSE Data editor v5.5.2 or higher, Cortech Solutions, Wilmington, NC). Briefly, a second-order Butterworth IIR zero phase-shift band-pass (35-45 Hz) digital filter was applied to the individual EEG epochs and baseline corrected using the time period of 0.5 s preceding the stimulus onset. EEG segments corresponding to the baseline (0-0.5 s) and ASSR stimulus duration (2.0-2.5 s) ( Figure 1c ) were subjected to time-frequency decomposition using a Morlet wavelet algorithm. Total power (0-0.5 s segment only), mean PLF, and evoked and induced powers (2.0-2.5 s segment only) were computed as below.
Time-varying wavelet transform coefficients (complex valued) are obtained by convolving a Morlet wavelet of a given frequency (complex valued) with an EEG epoch (real valued). Convolution is calculated by multiplying the discrete Fourier transform (DFT) of an EEG epoch with the DFT of a Morlet wavelet followed by inverse DFT (Torrence and Compo, 1998) . Total power for a given time-frequency combination is obtained as the average of the modulus squared of the associated wavelet coefficients across epochs. Evoked power is obtained as the modulus squared of the average of the associated wavelet coefficients across epochs. Because of linearity of both the wavelet transform and averaging, evoked power is equivalent to the modulus squared of the time-frequency coefficient obtained from the wavelet transform of the average ERP epoch. Induced power is defined as total power minus evoked power (Roach and Mathalon, 2008) . To a first approximation, evoked power measures the EEG signal that is phase locked to the stimulus. This approximation is valid if the phase-locked signal is homogeneous across epochs. Second-order phaselocked variations around the average ERP (such as variations of amplitude scaling) will be allocated to the induced power component (Truccolo et al, 2002) .
Data are expressed as group mean along with the SEM. Statistical comparisons were made using one-or two-way analysis of variance (ANOVA) with Dunnett's test or t-tests as appropriate for significance evaluation. A Po0.05 was deemed to be statistically significant. GraphPadPrism v6.0 (GraphPad Corporation, San Diego, CA) was used for statistical analysis and graphing of the data.
Drugs
A racemic form of the marketed drug ketamine hydrochloride (Ketaset, Fort Dodge, NY) was used for intravenous dosing, and sterile saline for injection was used as a control (Teknova, Hollister, CA). Intravenous dosing was done as a slow bolus over a period of~1 min (0.5 ml/kg Figure 1 Graphical representation of the experimental paradigm. (a) A schematic of the procedure: following intravenous dosing at time zero, EEG was collected at four times (duration of collection indicated by gray rectangular boxes), each approximated to a discrete time point shown within the gray boxes. For the 7 min time point, using a separate cohort, in vivo NMDA blockade was quantified. Plasma and brain exposure to ketamine was also quantified at indicated times. (b) Schematic representation of auditory stimuli presented in a 3-s epoch; a single click was presented at 1 s from epoch onset, whereas a 40-Hz click train was presented between 2 and 2.5 s. Only 40 Hz data are discussed in this report. (c) For illustration, an averaged and band-pass (35-45 Hz) filtered evoked response from a vehicle-treated subject is shown. Baseline total gamma power was computed using the first 0.5 s of an epoch, and mean ASSR measures were computed through the time of ASSR train presentation (2-2.5 s).
modified from that reported previously (Murray et al, 2000) . Adult male SD rats equipped with jugular vein catheters (Hilltop Lab Animals, Scottsdale, PA) were dosed with [ 3 H]-MK-801 (200 mCi/2 ml/kg, i.v.) at time zero, and at 3 min, ketamine (1, 3, 10, or 30 mg/kg, i.v.) was administered. At 7 min after ketamine dosing, the rats were killed by decapitation and the forebrain (minus the cerebellum and brainstem) was collected and split into hemispheres. One hemisphere was weighed and homogenized in 30 volumes of ice-cold 5 mM Tris-acetate buffer (pH 7.0). A 600 μl aliquot of the homogenate was filtered through GF/B Whatman filters. Filters were washed with ice-cold Tris-acetate buffer, and then placed in a scintillation vial with 10 ml of scintillation fluid. Radioactivity was counted using a Wallac Microbeta counter (Perkin Elmer, Waltham, MA). Total 
Quantification of Ketamine in Plasma and Brain
Groups of male SD rats (n = 3) were dosed with ketamine (1, 3, 10, or 30 mg/kg, i.v.) at time zero and killed at designated times (7, 32, or 62 min) and tissues were collected and stored at − 20°C until analysis. Brains were thawed and homogenized in four volumes (v/v) of tissue homogenate buffer (133 mM sodium phosphate-buffered saline, pH 7.4). Ketamine plasma and brain concentrations were determined using an LC-MS/MS assay.
RESULTS
Phase Locking Factor
The PLF is a measure of trial-to-trial consistency in phase of the 40 Hz ASSR signal with reference to the time of stimulus onset (also referred to in literature as phase synchrony or intertrial coherence; Roach and Mathalon, 2008) . Analysis of the PLF data from dose panel 1 using a two-way ANOVA with repeated measures showed a significant time (F(3, 33) = 2.94; P = 0.0475) and treatment (F(2, 22) = 4.135; P = 0.0299) effect and a strong interaction between the two (F(6, 66) = 9.552; Po0.0001). Dunnett's multiple comparison tests were performed to further clarify the dose levels and time points that differentiated from the vehicle group. The grand average heat maps of the PLF response for the 7 min time point are shown in Figure 2 . In comparison with vehicle (Figure 2a) , ketamine (1 mg/kg; Figure 2b ) significantly augmented PLF, whereas at the 30 mg/kg dose (Figure 2c ), there was a marked reduction.
The time course of PLF after vehicle or ketamine (1 or 30 mg/kg) is summarized in Figure 3a . Whereas the augmentation produced by the low dose of ketamine (1 mg/kg) disappeared by 12 min, the suppression produced by the high dose of ketamine (30 mg/kg) lasted up to 32 min ( Figure 3a) followed by a reversal at 62 min. The two intermediate doses (3 and 10 mg/kg) showed a significant time effect (F(3, 33) = 3.025; P = 0.0433), a trend-level treatment effect (F(2, 22) = 0.0695), and a strong interaction between the two (F(6, 66) = 5.699; Po0.001). Dunnett's posttests confirmed that the 10 mg/kg dose showed a significant augmentation in PLF at 32 and 62 min time points (Supplementary Figure S1A) . Moreover, linear regression analysis between dose and normalized PLF at the 7 min time point showed a robust inverse relationship (R 2 , 0.43; Po0.0001).
Evoked Power
The time-and phase-locked signal power through the period of stimulus presentation at 1 and 30 mg/kg across four time points is compared with that of the vehicle treatment in Figure 3b . Two-way ANOVA revealed significant time (F(3, 33) = 3.422; P = 0.0284), treatment (F(2, 22) = 3.479; P = 0.0487), as well as interaction (F(6, 66) = 8.804; Po0.0001) effects. The post hoc comparisons unveiled robust effects at multiple time points. Whereas the 1 mg/kg dose increased evoked power at 7 min only (nearly three times the vehicle mean), no change in evoked power was noted at 30 mg/kg dose at the first three time points. However, 62 min after ketamine (30 mg/kg) injection, a robust increase in evoked power, a little over four times the vehicle mean, was observed. The effect of ketamine (3 and 10 mg/kg, i.v.) on evoked 40 Hz ASSR power showed a significant treatment (F(2, 22)8.727; P = 0.0016) and treatment × time interaction (F(6, 66) = 4.572; P = 0.0006). Dunnett's multiple comparisons showed significant increase over vehicle treatment for all time points at the 10 mg/kg dose and for the first two time points only for the 3 mg/kg dose. These data are summarized in Supplementary Figure S1B . Unlike for PLF, regression analysis between dose and normalized evoked power at the 7 min time point yielded no significant relationship (R 2 , 0.06; P40.05).
Induced Power
Induced power is considered as the phase-variant power instigated by the stimulus and was defined as the residual gamma band power through the duration of ASSR presentation, after the (phase-locked) evoked power has been subtracted from the total power (Roach and Mathalon, 2008) . Two-way ANOVA revealed significant time (F(3, 33) = 10.66; Po0.0001) and treatment (F(2, 22) = 38.37; Po0.0001) effects but no interaction. Dunnett's multiple comparisons showed robust increase at all time points for the 30 mg/kg dose relative to vehicle and 1 mg/kg dose had significant increase at the two early time points only (Figure 3c ).
Robust time (F(3, 33) = 7.917; P = 0.0004), treatment (F(2, 22) = 35.83; Po0.0001), and time × treatment (F(6, 66) = 3.258; P = 0.0072) effects were noted in the study with the two intermediate doses of ketamine (3 and10 mg/kg). Dunnett's multiple comparisons revealed that all four time points at both doses were significantly different from that of the vehicle group (Supplementary Figure S1C) .
To understand whether the induced gamma is a mere reflection of the elevation in baseline gamma activity that NMDA antagonists are well known to engender (Hakami et al, 2009; Kocsis, 2012; Sebban et al, 2002) , we compared induced power through duration of train stimulation with the total gamma band power at the beginning of each epoch when there was no auditory stimulation. We found a highly significant positive correlation (Pearson's r) and no statistical difference between the two measures (paired t-test; data not shown) under all treatment conditions, suggesting that induced power in our paradigm was merely reflecting the gamma power present in the signal. For example, Pearson's r for baseline gamma power vs induced gamma power at the 7 min point were as follows (vehicle, 0.95 (Po0.0001); ketamine 1 mpk, 0.81 (P = 0.0012); ketamine 30 mpk, 0.95 (Po0.0001).
In Vivo NMDA Channel Occupancy and Ketamine Exposure
In order to contextualize the disparate effects of ketamine on ASSR within the context of target engagement and exposure, in vivo NMDA occupancy and ketamine exposure analysis were undertaken. The linear and dose-dependent NMDA channel occupancy at the 7 min period are summarized and contrasted with the observed PLF at this time in Figure 4 . In addition, time course of systemic plasma and brain exposures following ketamine dosing was also investigated as summarized in Table 1 and shows a dose-dependent exposure that exhibited a rapid decay over time. 
DISCUSSION
To date, there have been over a dozen reports on 40 Hz ASSR in schizophrenia patients (reviewed in O'Donnell et al, 2013; Roach et al, 2013) . In a majority of these, a deficit in PLF and/or evoked response has been found relative to healthy controls. On the other hand, some investigators reported an increase in PLF and evoked power in patients when challenged with 40 Hz auditory stimuli (Hamm et al, 2012) . The main contribution of the current report is that a framework to reconcile these contradicting sets of observations is provided by using a well-established experimental model of acute NMDA hypofunction with relevance to schizophrenia. Moreover, our findings argue for a need to carefully explore dose-response relationships when testing NMDA blocker effects on the 40 Hz ASSR. Finally, we posit 40 Hz ASSR as an easily accessible translational biomarker for in vivo cortical NMDA activity that may find application in a number of neuropsychiatric disorders. Approximately 7 min after i.v. ketamine, a period when exposure is likely to be closest to Cmax, we found that the 40 Hz ASSR was increased, unaffected, or reduced in a dosedependent manner. The crucial determinant of this fullspectrum modulation appears to be the extent of NMDA channel engagement. If ASSR PLF data at 7 min are considered together with the corresponding NMDA occupancy data, the reciprocal relationship between the two is striking (Figure 4 ). Whereas at a dose that produced a relatively small fraction of occupancy of the available channel pool, an increase in PLF and evoked power was observed, at a dose that produced a high degree of blockade, a robust reduction in PLF was noted. In addition, the pharmacological modulation of the 40 Hz ASSR at a given dose was temporally highly dynamic and required careful monitoring to capture the full range of effects. In contrast to the effects on ASSR, the increase in induced gamma power across a 30-fold dose range was qualitatively unremarkable while being highly robust (Figure 3c and Supplementary Figure S1C) . These two contrasting indicators may help us understand the on-going dynamics at the cortical microcircuit level and their impact on ASSR as discussed below.
It has been suggested that NMDA antagonists tilt the excitatory/inhibitory balance at the cortical microcircuit toward an increased excitability (Gandal et al, 2012; Murray et al, 2000; Yizhar et al, 2011) . Functional evidence for this hypothesis can be found in increased pyramidal cell firing and reduced putative GABAergic interneuron activity within the same cortical region following systemic, subanesthetic NMDA antagonist treatment (Homayoun and Moghaddam, 2007) . A robust disinhibition at the thalamic nuclei by systemic NMDA antagonists may also increase activity in thalamocortical afferents projecting onto cortical layers (Ferrarelli and Tononi, 2011) . A consequence of these events is increased cortical synaptic glutamate (Lopez-Gil et al, 2007; Moghaddam et al, 1997) . The resulting hyperglutamatergic state is believed to mediate the enhanced field gamma activity by stimulating kainate and AMPA receptor-mediated activation of the cortical interneuron-pyramidal cell network (McNally et al, 2011; Roopun et al, 2008) . Indeed, a robust increase in field gamma oscillations is one of the most consistent findings in response to systemic treatment with NMDA antagonists (Hakami et al, 2009; Kocsis, 2012; Sebban et al, 2002) .
Based on the foregoing discussion, and the empirical finding of a robust elevation of gamma band oscillations in our study, it is reasonable to infer an excess of synaptic glutamate after ketamine. At the lowest dose, we speculate that the enhanced synaptic glutamate allows many hitherto unoccupied NMDA sites to be engaged (despite~14% block Finally, at the highest dose of ketamine, as an estimated 83% of the cortical NMDA channels are unavailable, a significant reduction in PLF occurs, despite a very strong induced gamma activity, and therefore we speculate high levels of synaptic glutamate. This line of reasoning also presupposes that in the baseline condition, the evoked ASSR PLF is likely to be submaximal and that it can be increased by exogenous factors such as augmenting synaptic glutamate. This assumption seems reasonable as the NMDA receptors on PV+ neurons have been shown to be critical for entrainment at 40 Hz in empirical as well as modeling studies (Carlen et al, 2012; Kirli et al, 2014; Nakao and Nakazawa, 2014; Spencer, 2009) , and because baseline 40 Hz ASSR can be improved by exogenous modulators like attention (Albrecht et al, 2013; Skosnik et al, 2007; Ross et al, 2004) or by pharmacological intervention that affect key neurotransmitters (Albrecht et al, 2013; Sivarao et al, 2013; Sullivan et al, 2015; Vohs et al, 2012) . As the two intermediate doses of ketamine produced 34 and 62% of NMDA block while not significantly affecting ASSR PLF, we speculate that a baseline PLF response involves engagement of ∼ 38-66% of the available cortical NMDA receptors. The dissociation between spontaneous gamma power and evoked gamma power at the top dose of ketamine also alerts us to the fact that despite the shared nomenclature, these measures reflect different mechanisms. Whereas NMDAmediated inhibitory interneuron activity is required for evoked gamma, the spontaneous gamma may be sustained by AMPA/kainate-mediated inhibitory mechanisms. It is however unclear at this time whether AMPA/kainate receptors also contribute to 40 Hz ASSR in a significant manner. To date, the only clinical study that examined the effect of intravenous ketamine on 40 Hz ASSR in healthy subjects reported an increase in evoked power after ketamine (Plourde et al, 1997) . A close examination of the timecourse data from Plourde et al (1997) indicates that ketamine's effects were more nuanced than their conclusion. Immediately after intravenous dosing, there was a reduction in 40 Hz ASSR followed by normalization followed by an increase in power (see Table 1 in Plourde et al, 1997) . Thus, a temporally dynamic response was evident; a reflection perhaps of the rapid pharmacokinetic properties of the drug. In our experiment as well, at each dose, a temporally evolving modulation of the ASSR was seen. The delayed increase at the high dose suggests significant unblocking of NMDA channels over time concomitant with high synaptic glutamate.
Clinical studies showed that PLF of the 40 Hz ASSR showed excellent test-retest reliability across sessions separated by several days (McFadden et al, 2014; Tan et al, 2015) . Although we did not study this aspect specifically, the consistency we observed at the group level (mean and %CV) in the vehicle cohort, both within study and across studies, appears to reinforce the reliability of this measure. Moreover, PLF showed an inverse relationship to predicted NMDA occupancy as well as in vivo ketamine exposure, whereas evoked activity indicated only a unidirectional change (increase only). This highlights a frequent observation from relevant literature on ASSR that PLF and evoked power do not necessarily covary (Roach and Mathalon, 2008 ). An increase in phase synchrony in the absence of a change in evoked power has been cited as evidence for phase resetting (Shah et al, 2004) . However, this has been recently challenged (Ding and Simon, 2013 ). Although we do not completely understand the dynamics behind these measures, PLF may be a more sensitive index of neuropsychiatric dysfunction associated with NMDA transmission (Hirano et al, 2015; Kirihara et al, 2012; Spencer et al, 2008; Sullivan et al, 2015) .
Mechanistically, ketamine-induced disinhibition is not limited to the glutamatergic system alone and affects other neurotransmitters as well (Giovannini et al, 1994; Yan et al, 1997) . It is therefore possible for acetylcholine, dopamine, or serotonin to play a mediatory role in ASSR PLF effects. Indeed, nicotinic cholinergic stimulation has been previously shown to augment 40 Hz ASSR power and PLF (Sivarao et al, 2013) . Similarly, dopamine release-promoting agents like dexamphetamine have been shown to augment 40 Hz ASSR evoked power but not PLF (Albrecht et al, 2013) . However, to our knowledge there are no data to suggest that increases in these neurotransmitter levels would result in a reduction in ASSR PLF. In contrast, the causal role played by NMDA receptor activation on PV+ neurons in 40 Hz ASSR generation has been recently demonstrated using molecular biology and optogenetic techniques (Carlen et al, 2012; Nakao and Nakazawa, 2014) . Thus, a loss of NMDA function on PV+ neurons following a high dose of an NMDA antagonist is fully consistent with a reduction of response to a 40 Hz driving stimulus.
It is unclear whether a complete block of NMDA receptors would result in a complete loss of PLF. We were not able to directly test this in our study as we could only achieve ∼ 83% occupancy. As ketamine displays rapid kinetics following a bolus dosing paradigm (Table 1) , it may not be suitable to obtain and maintain high levels of NMDA receptor blockade for durations sufficient to ask this question. In future studies, this issue can be addressed by switching to a bolus+infusion paradigm to maintain steady-state saturation blockade and/ or by using a high-affinity antagonist like MK-801 that exhibits a more persistent block.
In summary, we show here that acute ketamine can augment or curtail the 40 Hz ASSR in the awake rat depending on the dose and, likely, the degree of NMDA channel blockade. Our findings reveal for the first time a robust reciprocal relationship between 40 Hz ASSR PLF and NMDA channel blockade, suggesting that 40 Hz ASSR could be an easy-to-access translational biomarker that closely reflects cortical NMDA receptor function that is of significant relevance in a number of neuropsychiatric conditions.
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